Honey bees have a remarkable sense of time and individual honey bee foragers are capable to 26 adjust their foraging activity with respect to the time of food availability. Although, there is 27 plenty of experimental evidence that foraging behavior is guided by the circadian clock, 28 nothing is known about the underlying cellular and molecular mechanisms. Here we present a 29 first study exploring whether the time-restricted foraging under natural light-dark condition 30 affects the molecular clock in honey bees. In an enclosed flight chamber (12m x 4m x 4m), 31 food was presented either for 2 hours in the morning or 2 hours in the afternoon for several 32 consecutive days and daily cycling of the two major clock genes, cryptochrome2 (cry2) and 33 period (per), were analyzed in three different tissues involved in feeding-related behaviors: 34 brain, antennae and subesophageal ganglion (SEG). We found that morning and afternoon 35 trained foragers showed significant phase-differences in the cycling of both clock genes in all 36 three tissues. Furthermore, the phase-differences were more pronounced when the feeder was 37 scented with the general plant odor linalool. Our results clearly demonstrate that foraging time 38 functions as a strong circadian Zeitgeber in honey bees. More surprisingly our results suggest 39 that foraging time might have the potential to override the entrainment effect of the light-dark 40 cycle. 41 42 43 Keywords 44 Honey bees, Time-restricted foraging, Clock genes, Phase-shift, Olfactory cues 45 46 47 48 54
antennae have important functions in feeding, food search and foraging [30, 31] . Except Clk, 137 mRNA levels of all the genes showed daily rhythmicity in both tissues (S1 Table) [32]. Later 138 we compared these peripheral clocks in morning-and afternoon-trained foragers. The cry2 139 rhythms in SEG (n=2 or 3 per time points: 6 time points; 3 repeats) were different by 4.1±0.7 140 hours (p < 0.005) (Fig 2A-2C ) while in antennae (n=2-4 per time points; 6 time points; 3 141 repeats) this difference was 4.7±0.9 hours (p < 0.005) ( Fig 2D-2F) . The phase-differences in 142 per mRNA rhythm between morning and afternoon foragers were 6.5±1.9 hours (p < 0.005) 143 and 6.4±0.5 hours (p < 0.005) in SEG and antennae respectively. were different from the afternoon foragers (Fig 3) . The mean acrophases of cry2 rhythms were 167 3.3±1.5 hours (p < 0.050) hours apart in the brain, 1.9±0.5 hours (p < 0.005) hours apart in the 168 SEG and 2.3±2.7 hours (p ≥ 0.050 or ns) hours apart in the antennae. The acrophases of per 169 rhythm were different by 5.8±2.9 hours (ns) in the brain, 3.1±1.0 hours (p < 0.005) hours in the 170 SEG and and 3.6±3.3 hours (ns) in the antennae. Interestingly, these phase-differences were 171 not as pronounced as the scented feeder experiment. Our results demonstrate that under natural LD conditions, time-restricted foraging modulates 186 the expression of major clock genes in honey bee foragers. cry2 and per mRNA expression 187 rhythm in the brain, SEG, and antennae showed a strong phase-difference between morning 188 and afternoon trained foragers. This finding suggests that food-reward and/or food-reward 189 induced foraging activity are capable of shifting the molecular clock and even more importantly the molecular clock in the fat bodies but not in the brain [27] . In mammals, restricted feeding 208 under LD conditions entrained the molecular clock in several brain regions as well as in various 209 10 peripheral organs, e.g. liver, stomach, adrenal glands but not the central clock in the SCN 210 [22, 26] . Our whole brain qPCR studies showed that restricted feeding affects clock gene 211 expression in the brain. Thus, we cannot exclude the possibility that these changes occurred in 212 brain cells, e.g. glia, that do not strictly belong to the neuron populations representing the 213 central insect brain clock [36] . On the other hand, studies in Drosophila and honey bees suggest 214 that behavioral activity rhythms are regulated by the central brain clock [36] [37] [38] [39] . which the olfactory signals interconnect with the molecular clocks in the brain is yet to be 232 discovered.
233
Given what is known about food entrainment in vertebrates and flies, our findings suggest that 234 honey bee are different or even special with respect to the effect of food or foraging on the 235 circadian clock. If so, why are they different? Likely, most solitary invertebrates and 236 vertebrates adjust the major activity rhythms according to the LD cycle being active during the 237 day or the night. Food search is only one part of that activity and food availability is mostly not 238 very predictable. In case it is predictable, anticipatory physiological and behavioral processes 239 can be regulated by different oscillators, whereas the main clock follows the LD cycle. In 240 contrast, honey bee foraging is a social behavior with the search for food and foraging being 241 highly socially organized and energetically optimized [43] . Different tasks of this process are 242 performed by specialized worker groups (e.g. scouts, recruits, receivers, food storers), and each 243 worker group mainly does only one task during the whole day. More impressively, foragers 244 even specialize on a specific food patch or food plant (flower constancy [44] ). During the 245 flowering seasons, food is generally available in plenty during the whole day. Given that honey 246 bee colonies have hundreds to thousands of foragers, it could be an energetically optimized 247 strategy to send out foragers for only part of the time, like shift workers in human societies. To 248 do so, honey bees might have evolved two mechanisms -1) they might have evolved different 249 chronotypes with preferences of being active in the morning or in the afternoon, and 2) they function as a Zeitgeber for molecular clocks in the brain, SEG, and antennae. Furthermore, this 256 food/foraging Zeitgeber appears to have potential to over-riding the light/dark Zeitgeber.
257
Addition of odors to the food increased the effect of the food entrainment. We propose that 258 food/foraging entrainment affects (1.) daily activity rhythm [18, 45] , (2.) expression pattern of 259 clock controlled genes [33, 46] , some of them involved in foraging associated processes (e.g. the collection, foragers visiting the feeder were marked with two different colors to ensure that 282 we will collect foragers that were frequently visiting the feeder. On the 11th day, without 283 presenting the feeder, marked foragers were serially collected at 6 different time points i.e. 284 6.00, 10.00, 14.00, 18.00, 22.00 and 2.00 from the colony. Night collections were done using Table) for qPCR were designed in a way that one of the primers covered exon-exon 
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In addition, non-parametric JTK cycle analysis [32] was also performed to detect significance 311 and amplitude of 24-hour mRNA oscillations (Table S1 and S2). Watson-Williams F-test was 312 performed to analyze statistical differences in acrophase values. 
